The stimulation of net photosynthesis by 1 to 4% 02 in socalled "inefficient" plants is well established and is believed to result from the suppression of photorespiration (16). Growth of Phaseolus vulgaris, Mimulus cardinalis, and the liverwort Marchantia polymorpha increased when aerial portions of the plants were maintained in low 02 compared with ambient air (1, 2) . Photosynthesis in the leaves of efficient species is not enhanced by low 02 (4, 9) nor is growth stimulated (1, 2); this is not surprising since these species have either no photorespiration or show quite low rates (5, 14) .
The stimulation of net photosynthesis by 1 to 4% 02 in socalled "inefficient" plants is well established and is believed to result from the suppression of photorespiration (16) . Growth of Phaseolus vulgaris, Mimulus cardinalis, and the liverwort Marchantia polymorpha increased when aerial portions of the plants were maintained in low 02 compared with ambient air (1, 2) . Photosynthesis in the leaves of efficient species is not enhanced by low 02 (4, 9) nor is growth stimulated (1, 2) ; this is not surprising since these species have either no photorespiration or show quite low rates (5, 14) .
The assumption is widely held that respiration suppressed by low 02 or stimulated by higher 02 concentrations is nonessential or wasteful in plants. We asked if this kind of respiration is characteristic of a species throughout development, e.g., during germination and early seedling growth. If this were true we could expect to deduce photosynthetic efficiency of seedlings soon after germination and thus improve the efficiency of screening for efficient plants. Alternatively, we might discover an associated respiration with the same oxygen requirement as photorespiration.
Growth in darkness of the embryo of imbibed seeds can occur only if respiration releases energy and produces intermediates for synthesis of new tissue. We tested our hypotheses by observing growth in darkness soon after germination in 2% and 20.9% 02 of seedlings of 28 monocots and dicots classified as inefficient or efficient by photosynthetic characteristics.
MATERIALS AND METHODS
Monocots and dicots were classed as photosynthetically efficient or inefficient from published comparisons of the response of photosynthesis to 02 concentration (4, 9) or of the CO, compensation concentration among species (3, 5, 13) . Triticale, the interspecific hybrid of wheat and rye, was classed inefficient by the characteristics of its parents. All the species tested had no specific requirements for germination, such as light, stratification, scarification, or alternating temperatures.
The seed of Coix was removed from the fruit case and the seed of A vena was removed from the glumes prior to the experiments.
In each experiment, 15 to 100 seeds of each species were placed on a 7.5 cm square of standard germination blotter in a 200 cm' plastic germination box fitted with input and exit ports for a gas stream. The blotter was moistened with sterile distilled water, and the box was sealed. The boxes were placed in a darkened growth cabinet (E.G.C. type M3) at 27 C and attached to gas streams containing either atmospheric concentrations of 02 (20.9%) and CO2 (0.032%) or 2%02 and 0.0315% CO, in N2. The gas streams were bubbled through washing bottles, humidified to saturation at 27 C, and passed through the germination boxes at a constant flow of 40 cm' min-'. The low 02 boxes were initially purged at 2 1 min-' for 5 min.
Depending upon the rapidity of germination the experiments were continued for 72, 96, or 120 hr. Seeds not germinating after 120 hr in low 02 were maintained in low 02 for 144 hr and then transferred to air to determine if germination would ensue. The percentage germination of each species was measured using radicle emergence of 1 mm as the criterion. The seeds were not surface-sterilized and experiments were discarded if fungal growth occurred.
Growth at each 02 concentration was estimated by measuring the length of the radicle or the total length of roots when branching occurred and the length of the hypocotyl or coleoptile on 10 randomly selected seedlings of each species. Lengths of roots and coleoptile or hypocotyl in 2% 02 were compared with those in 20.9%02 and summed for total growth comparisons.
Although mass might have been a more precise measurement of growth than length, the differences in growth were easily scored by eye. Therefore the linear estimate of growth was adopted. Reproducibility was checked by replicating eight of 30 experiments a second time. The ratio of growth in 2% 02 compared with 20.9% 02 was not significantly different between experiments although lengths of roots and hypocotyls or coleoptiles varied slightly.
RESULTS
Germination and seedling growth in darkness was inhibited by 2% 02 more in some species than in others. As a class. germination and growth of the efficient monocots was least inhibited by 2% 02. Except for Pennisetum root growth was inhibited more than the growth of coleoptiles in this class (Table I) .
Growth of the inefficient monocots was severely inhibited by 2% 02 (Table II) . Except for Phalaris and Oryza, growth of roots and coleoptiles was similarly depressed by 2% 0. The growth of Oryza in 2% O. was similar to that of the efficient monocots, but the growth of the coleoptile was stimulated by 2% O8 compared with air. Phalaris did not germinate until transferred from 2% 0, to air after 144 hr.
Both efficient and inefficient dicots failed to germinate after 72 to 96 hr and grow in 2% 0, except for the two inefficient species Cucumis and Celosia (Tables III and IV) . After 144 hr in low 02, sporadic germination of one to four individuals occurred in Kochia, Portulaca, Gomphrena, and Amaranthus edulis, but the remaining seeds and Atriplex rosea, Amaran-281 thus tricolor, and Amaranthus spp. did not germinate until they were returned to air. After 144 hr in 2% 0,, one seed each of Raphanus and Helianthus germinated, but the remaining seeds and Beta, Spinacia, Nicotiana, and Atriplex hastata did not germinate until they were returned to air.
Cucumis and Celosia germinated in 2% O, but like the inefficient monocots their growth was severely suppressed in low 02. No clear pattern of growth in low 0, of roots and hypocotyls emerged in Cucumis and Celosia. Thus, among the 1 One germinated within 144 hr. Balance germinated within 12 to 24 hr when seeds were returned to 20.9% 02. 2 No germination after 144 hr. Germination occurred within 12 to 24 hr when seeds were returned to 20.9% 02.
2 No germination after 144 hr. Germination occurred after 48-72 hr when seeds were returned to 20.9%-02monocots the photosynthetically efficient species showed superior growth in darkness in low 02 compared with the photosynthetically inefficient species. Among the dicots, however, the photosynthetically efficient species failed to germinate or grow in 2% 02, and only three of nine inefficient species successfully grew in 2% 02-
DISCUSSION
Components of dark respiration in leaves of photosynthetically efficient and inefficient species are suppressed by low 02 (7, 8) . From the present experiments 2% 02 is clearly detrimental to seedling growth in photosynthetically efficient and inefficient species that germinate in 2% 02. Therefore, the respiration needed for growth was suppressed by low 02 Anaerobiosis might suppress germination by inhibiting imbibition of H20 by seeds (15) . Our visual observation that the splitting of the seed coat followed swelling in A. edulis, Gomphrena, A. rosea, Raphanus, Helianthus, Spinacia, and A. hastata within 48 hr argues against slow imbibition being a significant factor in delaying germination for 144 hr. Also, seed coats ruptured and radicles emerged within 12 to 24 hr in most species transferred to air after 144 hr in low 02. Thus, we conclude that 02, not H20, limited respiration and, therefore, germination and growth in these species.
If anatomical barriers to 02 diffusion are absent, we would expect species with large seeds and longer path lengths for diffusion to germinate and grow more slowly in 02 than species with small seeds. Our results show that of the monocots and dicots that germinated in low 02, species having large seeds germinated and grew more vigorously than species with small seeds. Thus, we cannot easily attribute the slow germination and growth in low 02 of the majority of the dicots to slow 02 diffusion.
Among the monocots tested, those whose photosynthesis and presumably light respiration is least altered by low 02 exhibited seedling growth that was least sensitive to low 02-Thus we might speculate that photosynthetic efficiency in many monocots might be deduced soon after germination instead of waiting until photosynthetic capacity develops. The obvious exception to this generalization is rice, a photosynthetically inefficient species. The ability of rice to germinate and grow in low 02 has long been recognized and was ascribed to an efficient respiration (12) . The stimulation of elongation of the coleoptile of rice under low 02 was also previously reported (10). Both efficient and inefficient dicots failed to germinate and grow in 2% 02 except for the two inefficient species Cucumnis and Celosia. Although these germinated they both showed growth inhibition comparable to that of the inefficient monocots.
Evidently, the ability to germinate in 2% 02 is not related to photosynthetic efficiency and hence to photorespiration but, with the exceptions noted, is different in monocots and dicots. However, if germination is possible in 2%02 then with the exception of Oryza subsequent seedling growth in darkness is correlated with photosynthetic efficiency.
Our findings support the idea that photorespiration is not the only oxidation system which requires 02 levels greater than 2%. Other systems that differ in monocots and dicots appear to be involved.
